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In Brief
Structural analysis of CRISPR-Cas13a (C2c2) reveals how target RNA binding induces a conformational change to activate non-specific RNA degradation.
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INTRODUCTION CRISPR-Cas systems are RNA-guided adaptive immune systems that protect prokaryotes from invading nucleic acids in a three-step process: adaptation, CRISPR RNA (crRNA) biogenesis, and interference (Barrangou et al., 2007; Marraffini, 2015; Plagens et al., 2015; van der Oost et al., 2014; Wright et al., 2016) . CRISPR-Cas systems are broadly divided into two classes on the basis of the Cas proteins involved in crRNA interference . In class 1 systems, multiple Cas proteins bind crRNA to form a surveillance complex, whereas in class 2 systems, a single multidomain Cas protein binds a guide RNA responsible for crRNA interference. These two classes are subdivided into 6 types and 33 subtypes based on the presence of distinct signature Cas proteins. Class 1 systems include types I, III, and IV and class 2 systems contain types II, V, and VI (Koonin et al., 2017; Makarova et al., 2017a Makarova et al., , 2017b Shmakov et al., 2015 Shmakov et al., , 2017 .
Most CRISPR-Cas systems, including types I, II, and V, target double-stranded DNA and defend against invading DNAs. In contrast, types VI and III target RNA, defending against RNA phages . Cas13a (formerly C2c2) is the archetypal protein of class 2 type VI-A CRISPR-Cas system. Unlike other class 2 CRISPR-Cas effectors, including Cas9, Cas12a, and Cas12b, Cas13a lacks a DNase domain, but has two conserved HEPN (higher eukaryotes and prokaryotes nucleotide-binding) domains, which are often involved in RNA cleavage (Shmakov et al., 2015) . Cas13a is a dual ribonuclease that catalyzes crRNA maturation and RNA-guided ssRNA (singlestranded RNA) degradation interdependently using two separated catalytic sites (Abudayyeh et al., 2016; East-Seletsky et al., 2016 Liu et al., 2017) . Cas13a cleaves precursor crRNA to generate mature crRNA and remains bound to the mature crRNA after cleavage, forming the surveillance complex (East-Seletsky et al., 2016; Liu et al., 2017) . The guide region of the crRNA recognizes target RNAs with a complementary sequence, and Cas13a degrades the target strand.
The crystal structure of Leptotrichia shahii (Lsh) Cas13a in complex with crRNA revealed Cas13a has a bilobed architecture containing a recognition (REC) lobe and a nuclease (NUC) lobe (Liu et al., 2017) . The bulge-containing stem-loop within the crRNA repeat is anchored in the cleft of the REC lobe. Two HEPN domains come together to form the RNA-guided RNA cleavage site, which is located on the external surface of Cas13a. The 5 0 -flanking region of the crRNA repeat is located in the cleft between the Helical-1 and HEPN2 domains, Helical-1 domain in LshCas13a and the HEPN2 domain in LbuCas13a are likely involved in pre-crRNA processing (East-Seletsky et al., 2017; Lewis and Ke, 2017; Liu et al., 2017) . The guide region has an irregular structure and is extended far from the HEPN catalytic site. It remains unclear how the crRNA recognizes targets with a complementary sequence and how the target RNA binds Cas13a, as well as how the target RNA enters the catalytic site in the HEPN domain. Cas13a exhibits both target and ''collateral'' cleavage upon target RNA binding (Abudayyeh et al., 2016; East-Seletsky et al., 2016) . Although early studies indicated a possible role for target RNA in the activation of Cas13a (Abudayyeh et al., 2016) , how target RNA binding activates Cas13a and how Cas13a cleaves both the target RNA and collateral RNA are unknown.
Here, we report the crystal structure of LbuCas13a in complex with crRNA and its complementary target strand, as well as the cryo-EM structure of LbuCas13a in complex with crRNA. These structures and complementary functional studies reveal the mechanism of target RNA recognition and RNA cleavage by Cas13a. The structural comparison between the binary and ternary complexes showed that target RNA binding induces conformational change in Cas13a, generating a guide-target RNA duplex binding channel and activating Cas13a to cleave target and collateral RNAs. Together with mutational analyses on LbuCas13a, this understanding of the molecular mechanism of target RNA recognition and activation of Cas13a will enable development of Cas13a for extended applications in RNA detection or imaging.
RESULTS
Overall Structure of the LbuCas13a-crRNA-Target RNA Complex To understand how crRNA recognizes target RNA, we determined the 3.08 Å crystal structure of LbuCas13a ( Figure 1A ), in complex with a 59-nt crRNA and a 30-nt target RNA strand, by single wavelength anomalous diffraction (SAD) (Figures 1B and S1A; Table S1 ). To prevent the potential cleavage of the target RNA during crystallization, we substituted conserved catalytic residues His1053 and Arg1048 within the HEPN2 domain with alanine. Each asymmetric unit contains two LbuCas13a-crRNA-target RNA complexes.
The crystal structure reveals that LbuCas13a adopts a bilobed architecture consisting of an a-helical REC lobe and a NUC lobe, with the repeat region of the crRNA anchored in the REC lobe and the guide-target RNA duplex bound within the channel in (C) Front and rear views of the overall structure of the LbuCas13a-crRNA-target RNA complex in ribbon representation. The crRNA guide strand is shown in brown (repeat region) and red (spacer). The target RNA is shown in blue. See also Figure S1 and Table S1. the NUC lobe ( Figures 1C and S1B ). As in LshCas13a (Liu et al., 2017) , the REC lobe consists of the NTD and Helical-1 domains, and the NUC lobe comprises two conserved HEPN domains, a Linker and the Helical-2 domain. The 170 amino acid NTD domain of LbuCas13a is significantly smaller than the 347 amino acid NTD domain of LshCas13a. The Helical-1 domain in LbuCas13a is comprised of ten a helices, in contrast to six a helices in LshCas13a, while the HEPN1 domain in both proteins is composed of two HEPN1 motifs (HEPN1 I-II) connected by the helical-2 domain. The Linker, which connects the two HEPN domains, is much shorter in LbuCas13a (133 amino acids) than that in LshCas13a (271 amino acids).
Structure of crRNA and Target RNA The 59-nt crRNA sequence comprises a 31-nt repeat region (brown, one base (G [-31]) longer than the mature crRNA at the 5 0 end) and a 28-nt guide region (red) (Figure 2A ). The 30-nt target RNA (blue) is complementary to the guide region except for the first and last nucleotides. All nucleotides of the crRNA and the target RNA can be observed in the present structure, except for the nucleotide G(À31) at the 5 0 end of the crRNA. The guide region (A1-C28) and the target RNA (U1 0 -G28 0 ) form a 28-bp guide-target RNA duplex, which closely approximates to an A-form helix, but nucleotides C(À1) 0 and G29 0 of the target RNA are flipped out of the guide-target RNA duplex ( Figures  2B, S2A , and S2B). Nucleotide G29 0 in the target inserts into the HEPN catalytic site of a neighboring Cas13a protein. Nucleotide C(À1) 0 , which is the 3 0 -protospacer-flank site (PFS), lies in the cleft formed between the NTD and the Helical-1 domains and is stabilized by the formation of a hydrogen bond with Lys47 ( Figure 2C ). The 3 0 -PFS is thus unavailable to form a base pair with crRNA, and this interruption results in no further basepairing between target and crRNA beyond the crRNA guide region. This explains why the non-complementarity between the 3 0 -PFS and base (À1) is essential for RNA-guided RNA cleavage by Cas13a (Abudayyeh et al., 2016) . In addition, the position of C(À1) 0 suggests that the target strand threads through the cleft between the NTD and Helical-1 domains when it has additional nucleotides at the 3 0 end ( Figure S2C ). The repeat region of the crRNA forms a bulge-containing stem-loop with a 4-nt 5 0 -flank and a 5-nt 3 0 -flank ( Figure 2A ). The stem-loop of the crRNA repeat is anchored in the cleft formed between the NTD and Helical-1 domains ( Figure S2D ), forming extensive contacts between the crRNA and protein (Figure S2E ). The loop of the repeat bound to LbuCas13a adopts a different conformation from that of LshCas13a, perhaps due to its smaller NTD domain ( Figure S2F ). Similar to the crRNA of LshCas13a (Liu et al., 2017) , A(À26) forms a base pair with U(À6), generating a 2-nt (C[À7] and A[À8]) bulge between base pairs A(À26):U(À6) and C(À25):G(À9) (Figures 3 and S2G ). These observations indicate that crRNAs bound to LbuCas13a and LshCas13a both have a 2-nt bulge-containing stem-loop.
Recognition of the crRNA-Target RNA Duplex The 28-bp guide-target RNA duplex is accommodated within a positively charged, central channel within the NUC lobe ( Figures  2D and S3A ). The NUC lobe forms a nearly closed half-fist architecture with the duplex lying in the cleft between the fingers and the palm. Two a helices of the Linker domain and a b-hairpin of the HEPN2 domain extend over the channel to the Helical-2 domain, acting to lock the RNA duplex into the binding channel, like a thumb positioned on the fingers locks a half-fist (Figure S3B ). Base pairs 1-24 in the duplex are mostly surrounded by the NUC lobe, being primarily stabilized by the Helical-2 domain, the HEPN1 domain, and Linker region in a sequence-independent manner (Figure 3 ). However, base pairs 25-28 are located beyond the channel, lacking any contact with the bound LbuCas13a protein, suggesting that LbuCas13a recognizes a 24-bp guide-target RNA duplex. This potentially explains why LshCas13a can use either a 24-or 28-nt guide-containing crRNA to cleave target RNA with a similar efficiency (Abudayyeh et al., 2016) .
The guide region forms multiple contacts with LbuCas13a. The bases are splayed apart at the C(À1)-A1 step in the crRNA, with the Watson-Crick base pair A1:U1 0 stacking onto the side chains of Lys5 and Lys2 ( Figure 2C ) and the C(À1) base stacking on the A(À8) base (Figure 3 ). These interactions result in the rotation of the +1 phosphate group, thereby facilitating base pairing between A1 in the guide strand and U1 0 in the target strand. Nucleotides 2-6 in the guide region lack direct contact with LbuCas13a in the ternary complex (Figure 3) . In both the LshCas13a-crRNA binary complex and the LbuCas13a-crRNA binary complex, these nucleotides are buried inside the Cas13a protein and are not structurally available for base pairing with the target strand (Liu et al., 2017) . The buried location of nucleotides 2-6 explains why the 5 0 end of the guide cannot function as the seed region. In contrast, the sugar-phosphate backbone of crRNA nucleotides U8-A15 forms extensive contacts with the Helical-2, Linker, and HEPN1 domains ( Figures  2E and S3C) . Notably, the alanine substituted for Lys558, which contacts the phosphate group of the eighth guide nucleotide, dramatically reduced crRNA-guided RNA cleavage by LbuCas13a, indicating its functional importance ( Figure 2F ). The Tyr601Ala, Arg809Ala, Lys942Ala, and Tyr938Ala mutants also showed reduced target RNA cleavage activity, confirming their functional relevance. In addition, the phosphate-sugar backbone of nucleotides 18-24 in the guide strand make contacts with the Helical-2 and Linker domains ( Figure 2G ), and Lys718Ala and Lys845Ala mutants showed reduced target RNA cleavage activity ( Figure 2F ), suggesting that interactions between the guide and LbuCas13a play critical roles in the crRNA-guided RNA cleavage.
The target RNA strand mainly interacts with the Helical-2, Linker, and HEPN1 domains via the sugar-phosphate backbone of nucleotides G11 0 -A21 0 ( Figures 2E, 2G , and 3). Nucleotides G2 0 and U3 0 within the target RNA contact the side chains of Arg41 and Lys86 within the NTD domain ( Figure S3D ). The Arg1135Ala and Gln519Ala mutants exhibit reduced cleavage activities, suggesting that interactions between target RNA and LbuCas13a are essential for crRNA-guided RNA cleavage ( Figure 2F ).
Structure of the LbuCas13a-crRNA Binary Complex
To clarify how LbuCas13a assembles with crRNA prior to target RNA binding, we also determined a 3.2 Å resolution cryo-EM structure of LbuCas13a-crRNA binary complex ( Figures S4A-S4D ). The overall structure of this complex also adopts the bilobed architecture observed for the LbuCas13a-crRNA-target RNA ternary complex and the LshCas13a-crRNA binary complex (Figures 4A and S4E ; Table S2 ). The crRNA is comprised of a bulge-containing stem-loop with a 5-nt 5 0 -flank and a 5-nt 3 0 -flank. The 3 0 -flank approximates closely to an A-form helix, and the 5 0 -flank is discontinuously stacked with two kinks in 5-nt 5 0 -flank. The guide region makes a 180 turn at the 5 0 -region, burying nucleotides 1-8 in the NUC lobe, as observed in the LshCas13a-crRNA binary complex (Liu et al., 2017) .
Central Seed Region within the crRNA Generally speaking, seed regions within the guide strand, such as those bound to Cas9, Cas12a, Cas12b, and Argonaute proteins, are solvent exposed and form extensive interactions with proteins (Gorski et al., 2017; Jiang et al., 2015; Wang et al., 2008; Yamano et al., 2016; Yang et al., 2016) . Here, the guide region of the crRNA kinks between nucleotides 8-9, with nucleotides 8 and 9 pointing in opposite directions. Nucleotides 9-15 closely approximate to an A-form helical conformation along the sugar-phosphate backbone and lie on the surface of the Helical-2 domain with their Watson-Crick edges exposed toward the solvent, potentially facilitating access to and pairing with target RNA ( Figure 4B ). Nucleotides 9-15 form mismatch-containing base pairs with nucleotides 22-26 in the LbuCas13a-crRNA binary complex, and these mismatched base pairs likely have no functional significance. The A-form configuration and solvent exposure are general features of seed regions, suggesting that nucleotides 9-15 likely form the seed region of the LbuCas13a crRNA. Extensive contacts between nucleotides 9-15 and LbuCas13a in the ternary complex ( Figure 2E ) provide further support that the seed region of LbuCas13a crRNA spans from nucleotides 9-15. This finding is in agreement with observations that LshCas13a crRNA has a central seed region (Abudayyeh et al., 2016; Liu et al., 2017) , suggesting that, in general, Cas13a crRNA has a central seed region instead of a 5 0 -seed region.
Conformational Change in Cas13a upon Target RNA Binding LshCas13a undergoes large structural rearrangements upon crRNA binding, in particular the Helical-2 domain rotates toward the HEPN2 and Linker domains, generating the crRNA-binding channel (Liu et al., 2017) . Whether target RNA binding would cause further conformational change in Cas13a upon target RNA binding was not known. We compared the LbuCas13a-crRNA binary complex and LbuCas13a-crRNA-target RNA ternary complex structures by superposition and observed that significant conformational changes occur upon target RNA binding ( Figure 4C ). The Helical-2 and HEPN1 domains undergo marked conformational change on ternary complex formation, while the NTD, Helical-1, and HEPN2 domains align well between the structures. The Helical-2 domain rotates away from the HEPN2 domain, while the HEPN1 domain rotates toward the HEPN2 domain. In addition, the Linker domain undergoes a modest movement away from the HEPN2 domain. These rearrangements of the Helical-2, HEPN1, and Linker domains relative to the HEPN2 domain generate a wide binding channel for the crRNA-target RNA duplex ( Figure 4D , right panel), in contrast to the narrow cleft in the Cas13a-crRNA binary complex structure ( Figure 4D , left panel). In addition, conformational change in Cas13a also facilitates contact between the NUC lobe and the crRNA-target RNA duplex.
Conformational Change in the crRNA
Structural comparison of the LbuCas13a-crRNA binary complex and LbuCas13a-crRNA-target RNA ternary complex shows that the crRNA undergoes significant conformational change upon binding target RNA ( Figure 4E ). Particularly, the guide region and the 3 0 -flank region of the crRNA repeat undergo marked conformational change and form new interactions with Cas13a ( Figure 4F ). The guide region in the ternary complex closely approximates to a regular A-form helix, whereas it makes multiple turns in the binary complex. Following target RNA recognition on ternary complex formation, guide nucleotides A(À3) to C(À1) are flipped out, forming an ''U'' shape in the ternary complex ( Figure 4G ), instead of the nearly A-form conformation in the binary complex ( Figure S4F ). Nucleotide A(À3) inserts into a cleft between the HEPN1 and HEPN2 domains, and it is stabilized by base contact with the side chain of His962 and the stacking interaction with Arg963 and Arg377 (Figures 4G and 4H ). Nucleotide A(À2) inserts into a cavity within the HEPN1 domain and forms a base-specific contact with Ser780. The stacking interactions with Lys783 and Phe375 further stabilize A(À2). Nucleotide C(À1) stacks on the base of nucleotide A(À8) ( Figure S4G , left panel), which inserts into the cleft between the Helical-2 and HEPN1 domains in the binary complex ( Figure S4G , right panel). The conformational change in the 3 0 -flank region results in the phosphate group between nucleotides (À1) and (+1) moving 15 Å toward the NTD and Helical-2 domains ( Figure 4F ). This results in the backbone of nucleotides A(À3)-C(À1) in the ternary complex being nearly perpendicular to that in the LbuCas13a-crRNA complex, possibly driving the conformational change in the guide region.
Based on the marked conformational change and the strong interaction between the 3 0 -flank and Cas13a, we reasoned that these interactions between the 3 0 -flank and the LbuCas13a might play an essential role in Cas13a-mediated RNA-guided RNA cleavage. To test this model, we introduced site-specific mutations at the 3 0 -flank-binding site and assessed in vitro RNA cleavage. Wild-type Cas13a cleaved the target RNA with the complementary sequence of the guide region, yielding the expected products. In contrast, substitution of residue Arg963, which stacks on the base of A(À3), with alanine, abolished target strand cleavage ( Figure 4I ). His962Ala, Lys783Ala, Gln371Ala, Phe375Ala, Lys5Ala, and Lys2Ala mutant proteins also showed considerably reduced RNA cleavage. Together, these results indicate that conformational change in the 3 0 -flank is essential for target RNA cleavage by Cas13a.
Guide-Target RNA Duplex Formation Activates Cas13a
The two conserved HEPN domains of LbuCas13a are folded closely together to form a concave surface containing the catalytic site for RNA-guided RNA cleavage. The activate site is composed of catalytic residues Arg472 and His477 from HEPN1 and Arg1048 and His1053 from HEPN2. Cas13a is able to cleave target RNA with a complementary sequence, See also Figure S4 and Table S2 . (legend continued on next page)
as well as collateral RNA upon target RNA binding. We therefore asked whether guide-target RNA duplex formation affects the RNA-guided RNase activity of Cas13a. We compared the catalytic pockets within the HEPN domains in the ternary and binary complex by superposing the HEPN2 domain within the LbuCas13a-crRNA-target RNA ternary complex with that of the LbuCas13a-crRNA binary complex ( Figures 5A and S5A) and that of the LshCas13a-crRNA binary complex ( Figure S5B ) (Liu et al., 2017) . The HEPN1 domain rotates toward the guidetarget RNA duplex upon target RNA binding, resulting in the catalytic residues Arg472 and His477 in HEPN1 moving 6.5-9.6 Å toward the catalytic residues Arg1048 and His1053 within the HEPN2 domain ( Figure 5A ). Thus, the conserved catalytic residues Arg472 and His477 in HEPN1 domain are much closer to catalytic residues of HEPN2 domain in the ternary complex than in the binary complex. We reasoned that the LbuCas13a-crRNA-target RNA ternary complex has an active catalytic site, with the catalytic residues being located in close proximity, whereas the HEPN catalytic site of the crRNA-bound binary complex is maintained in a catalytically inactive state, with the catalytic residues located far apart from each other. In effect, the target RNA is an activator, activating the catalytic site within the two HEPN domains by forming a duplex with the guide region of the crRNA and bringing the catalytic residues into close proximity. The activated HEPN catalytic site likely cleaves ssRNA non-specifically, as is seen in the activated Csm6 protein, which contains a dimerized HEPN domain (Niewoehner and Jinek, 2016) .
To investigate the length requirement of the target RNA for activation of the HEPN catalytic site of Cas13a, we compared the efficiency of non-target ssRNA stand (NTS) cleavage in the presence of crRNA and complementary target RNAs of various lengths. LbuCas13a requires a target length of at least 20 nt to efficiently activate the catalytic site in the HEPN domains; cleavage activity was significantly reduced when an 18-nt target was used and 14-nt or 16-nt targets showed no cleavage ( Figure 5B ). Shortening target RNA by as little as 3 nt from its 3 0 end substantially reduced collateral RNA cleavage ( Figure 5C ). These observations are consistent with our structural observations that nucleotides 1 0 -21 0 in the target RNA contact LbuCas13a, while nucleotides 22 0 -29 0 do not interact with LbuCas13a (Figure 3 ). We performed in vitro target RNA cleavage with 3 0 -truncated crRNA to investigate the length requirements of the guide-target RNA duplex for target RNA cleavage. We find that LbuCas13a requires spacers of at least 20 nt in length to efficiently cleave target ssRNA ( Figure 5D , left), as well as the non-target RNA ( Figure 5D, right) , in the presence of a 28-nt target RNA. This is consistent with a 20-nt minimal target RNA length for LbuCas13a and with the 22-nt spacer requirement of LshCas13a (Abudayyeh et al., 2016) . These findings suggest that a 20-bp guide-target RNA duplex is essential for activating the catalytic site within the HEPN domain to cleave target RNA and collateral RNAs. Cas13a Cleaves Exposed ssRNA Non-specifically To understand how activated Cas13a cleave RNAs, we analyzed the relative position of target RNA and the catalytic site formed by two HEPN domains. The guide-target RNA duplex passes through the channel within the NUC lobe such that the target RNA is located far from the HEPN catalytic site ( Figure 1C) , explaining why the HEPN domains of Cas13a are not necessary for target RNA binding (Abudayyeh et al., 2016) , and suggesting short target RNA cannot be cut by the HEPN catalytic site in cis. Moreover, unlike Cas9 and Cas12a, which have buried catalytic sites, the HEPN catalytic site of activated Cas13a is surface exposed and is easily accessible to RNA in solution, suggesting that short target RNA is cleaved in trans. However, this finding does not exclude that the long target RNA can be cleaved in cis.
In the LbuCas13a-crRNA-target RNA ternary complex, the nucleotide G29 0 in the target RNA strand, immediately upstream of the dsRNA duplex, is flipped out of the helical stack, pointing directly away from the duplex. Intriguingly, nucleotide G29 0 inserts into the HEPN catalytic site of the neighboring LbuCas13a (the second complex in the same asymmetric unit [ASU]) ( Figures  5E and S5C ). The base of G29 0 is held in place by residues Phe995 and His473, through aromatic stacking, and His477 and Gln1007 of the neighboring LbuCas13a molecule via hydrogen bonds ( Figure 5F ). In addition, a b-hairpin within the HEPN1 domain from this neighboring LbuCas13a extends into the major groove of the guide-target RNA duplex, enhancing the contacts between the neighboring LbuCas13a and the target RNA by Van der Waals interaction ( Figure S5D ). We performed a mutational study to assess whether the interactions between the target strand and the HEPN domains of the neighboring LbuCas13a are essential for RNA cleavage. Substitution of residues His473, Phe995, Asn997, and Lys998 with alanine significantly reduced the cleavage of both target and non-target ssRNA substrate ( Figures 5G and S5E) , and truncation of this b-hairpin reduces the ssRNA cleavage ( Figure S5F ) suggesting that the interaction between the target RNA and the HEPN domains is essential for cleavage. We reason that the interaction between target RNA and the neighboring Cas13a bring the RNA substrate to the neighboring HEPN catalytic pocket.
To exclude possibility that the interactions between the target RNA and neighboring Cas13a are simply the result of crystal packing, we dissolved the crystal and checked the sample by negative stain electron microscopy. Many particles contain two Cas13a molecules positioned next to each other ( Figure S5G ), suggesting that the 5 0 end overhanging portion of the guidetarget RNA duplex (Figure 2A ) recruits activated Cas13a molecule. We reason that the exposed HEPN catalytic site of activated LbuCas13a indiscriminately capture exposed RNAs, including any free RNAs in solution and RNAs bound to Cas13a and then cleaves these RNAs in non-specific manner, exhibiting a ''collateral effect'' of promiscuous RNase activity upon target RNA binding. See also Figure S5 .
Precursor crRNA Processing
Cas13a cleaves pre-crRNA between nucleotides A(À31) and G(À30), generating mature crRNA using a cleavage site that is distinct from that used in RNA-guided ssRNA cleavage. In the crRNA used in this study, however, the nucleotide in the À31 position was G instead of A and could not be cleaved by LbuCas13a. Five nucleotides G(À31)-C(À27) can be observed in the binary complex, but G(À31) is disordered in the ternary complex. The 5 0 -flank (nucleotides from G[À31] to C[À27]) is flipped out of the helical stack of the crRNA stem and points in a direction at right angles to that of nucleotide A(À26) (Figure 6A) . The 5 0 -handle lies in the cleft formed between the Helical-1 and HEPN2 domains ( Figure 6B ), as observed in the structure of LshCas13a-crRNA complex. The base G(À29) stacks on the side chain of Ile1104, resulting in a kink between nucleotides A(À29)-G(À30) ( Figure 6C ). The phosphate group between nucleotides A(À29) and G(À30) is stabilized by Lys319 and Arg322 within the Helical-1 domain and base G(À30) stacks on the side chain of Arg322 ( Figure 6C) . A single-point mutation at residue Arg322 reduced pre-crRNA processing, and mutations at residues Lys319 and Lys321 had minimal effect ( Figure 6D ). The phosphate group between nucleotide G(À31) and G(À30) contacts the side chains of Arg1072, Arg1079, and Lys1082 via hydrogen bonds and electronic interactions, suggesting that these amino acids play important roles for pre-crRNA processing ( Figure 6C ). The side chain of Lys1108 is located near the nucleotide G(À31). Of note, single-point mutations of Arg1079 and Lys1108 abolished pre-crRNA cleavage, and mutation of Arg1072 and Lys1082 significantly reduced cleavage ( Figure 6D ). This suggests that interactions between nucleotides (À31)-(À30) and the HEPN2 domain are essential for pre-crRNA processing. This is in agreement with findings that removal of the side chains of Arg1079, Arg1072, and Lys1082 significantly reduce pre-crRNA cleavage (East-Seletsky et al., 2016 . A mutation near the scissile bond has been shown to completely abolish pre-crRNA processing (East-Seletsky et al., 2016) , suggesting that nucleotides on either side of the cleavage are recognized in a sequence-specific manner. However, in our structure, we did not observe sequence-specific interactions between Cas13a and G(À31). It is likely that the A(À31)G mutation affects the interaction between Cas13a and the 5 0 -flank region of the pre-crRNA.
DISCUSSION
The structural and biochemical studies of Cas13a presented here provide significant insights into the mode of action of its RNA-guided sequence-non-specific RNase activity, elucidating the mechanisms involved in target RNA recognition, catalytic site activation, and indiscriminate ssRNA cleavage. Our findings also shed light on pre-crRNA processing, most likely by the HEPN-2 domain, and offer an explanation for both target and collateral RNA cleavage by activated Cas13a. These insights not only illuminate our understanding of the function of Cas13a in type VI CRISPR-Cas systems but also set the stage for its development as a tool for RNA manipulation.
Model of the Dual RNase Activities of Cas13a
On the basis of our findings, we have revised the model for the dual RNase activities of Cas13a (Figure 7 ). Cas13a has two separate catalytic sites for its two interdependent RNase activities. The Helical-1 and HEPN2 domains may be responsible for pre-crRNA stabilization and processing. The HEPN2 domain appears to catalyze pre-crNA processing in Lbu, while the Helical-1 domain is critical for pre-crRNA processing in Lsh. Despite being in different locations, an arginine and a lysine are essential for pre-crRNA processing in both LbuCas13a (Arg1079 and Lys1108 within the HEPN2 domain) and LshCas13a (Arg438 and Lys441 in Helical-1 domain). The different location of these two key amino acids is likely related to the length of the 5 0 -flank. The two conserved HEPN domains of Cas13a give rise to a composite HEPN catalytic pocket responsible for crRNA-guided RNA cleavage. In the absence of target RNA, however, the HEPN catalytic pocket of Cas13a is inactive. In the presence of target RNA, the central seed region of the guide strand initiates binding to the complementary target, forming a guide-target RNA duplex, which then propagates to both ends of the guide strand. The formation of a guide-target double helix induces conformational changes in Cas13a, activating the HEPN catalytic site. Thus, upon target RNA binding, the activated HEPN catalytic site is fully competent for RNase activity. Activated Cas13a molecules indiscriminately cut any exposed RNA molecule, including target RNAs bound to Cas13a proteins and any free RNA in solution, resulting in target degradation as well as collateral cleavage of host and any other phage RNA sequences. While Cas13a is activated by highly sequence-specific target binding, Cas13a can then cleave any RNA molecule in a nonspecific manner. It is likely that one RNA can be cleaved by multiple activated Cas13a proteins simultaneously. However, activated Cas13a molecules were not found to form a stable dimer, trimer, or other homo-oligomer in solution. Our model that multiple activated Cas13a molecules degrade RNA is consistent with the observation that pre-crRNA processing is not necessary for targeting but enhances activity by liberating crRNA from the CRISPR array (East-Seletsky et al., 2017) .
Biochemical studies have shown that LbuCas13a preferentially cleaves at uridines (Abudayyeh et al., 2016; East-Seletsky et al., 2017) . Further studies will be required to elucidate the molecular basis for cleavage site preferences. Collateral RNA cleavage may cause cellular toxicity, suggesting that type VI-A CRISPR-Cas systems likely need subtle regulation pathways to avoid self-RNA cleavage, as is the case for Cas13b in type VI-B CRISPR-Cas systems .
Regulation of Ribonuclease Activity
Structural rearrangement is essential for the RNase activities of Cas13a. The Helical-2 domain moves toward the pair of HEPN2 domains to generate the crRNA-binding channel and undergoes further conformational change upon target RNA binding, creating a binding channel for the guide-target RNA duplex. The formation of the guide-target RNA duplex also induces the HEPN1 domain to move toward HEPN2 upon target RNA binding, resulting in an active HEPN catalytic site. Thus, the formation of the guide-target RNA duplex acts as a trigger. This is reminiscent of the structural rearrangement that occurred in the Csm6, Csx1, Ire1, and RNaseL proteins, which are HEPN domain-containing proteins and are regulated by ligands binding in the dimer configuration (Anantharaman et al., 2013; Han et al., 2014; Lee et al., 2008; Niewoehner and Jinek, 2016) . In addition, the guide region and 3 0 -flank of the crRNA undergo significant conformational change to facilitate the formation and the binding of the guide-target RNA duplex.
Comparison with Cas9, Cas12a, and Cas12b To date, Cas9, Cas12a, and Cas12b are the only class 2 CRISPR-Cas effectors for which ternary complex structures with guide RNA and target DNA are available (Jiang et al., 2016; Nishimasu et al., 2014; Yamano et al., 2016; Yang et al., 2016) . A structural comparison of the ternary complex of Cas13a with those of Cas9, Cas12a, and Cas12b revealed that Cas13a adopts a distinct bilobed structure ( Figure S6 ). Unlike Cas9 (Anders et al., 2014) , Cas12a, and Cas12b (Shmakov et al., 2015; Zetsche et al., 2015) , Cas13a recognizes target RNA independently of the protospacer adjacent motif (PAM) sequence, instead depending on the 3 0 -PFS. PAM sequences are specifically recognized by Cas9, Cas12a, and Cas12b through base contacts, whereas the PFS is likely not recognized in a sequence-specific manner by Cas13a. In addition, Cas13a is unique among ribonucleases in that it degrades single-stranded RNA completely (Abudayyeh et al., 2016; East-Seletsky et al., 2016) , in contrast to type II Cas9 and type V Cas12a and Cas12b proteins, the type I Cascade complex, and the type III CRISPR-effector complex, which cleave target DNA or RNA at Cas13a consists of a REC lobe (cyan) and a NUC lobe (magenta). Cas13a cleaves the pre-crRNA generating crRNA-guided surveillance complex, which is inactive for crRNA-guided RNA cleavage. Cas13a undergoes conformational changes upon target RNA (blue) binding, and the formation of guidetarget RNA duplex activates the HEPN catalytic site. The activated Cas13a cleave any ssRNAs (green). The free RNAs in solution and the bound target RNA beyond the guide complementary region can be the RNA substrate of activated Cas13a. See also Figure S6 . specific sites (Jinek et al., 2012; Shmakov et al., 2015; Zetsche et al., 2015; Hale et al., 2009; Mulepati and Bailey, 2013) . Furthermore, activated Cas13a cleaves both target RNA containing the sequence complementary to the guide and free RNAs in solution (Abudayyeh et al., 2016) . These differences may be due to differences in the location of the catalytic site in the different Cas proteins. Although, like Cas9 and Cas12, Cas13a has a catalytic site for RNA-guided target cleavage, the catalytic site of Cas13a is located on the external surface, rather than internally, as in Cas9 and Cas12. Cas13a can thus cleave any available ssRNA, functioning as a general non-specific RNase, once it is activated by target RNA binding. In contrast, Cas9 and Cas12 are only able to cleave the target dsDNA complementary to the guide strand and in proximity to the HNH or RuvC catalytic sites.
Cas13a is kept in an inactive state in the absence of viral RNAs that are complementary to the guide region. However, when a phage attacks the host and the guide region of crRNA forms guide-target RNA duplex, Cas13a switches to a catalytically active state and promiscuously cleaves any freely exposed ssRNAs. Thus, suicidal attack on self RNAs is coupled with direct attack on viral RNAs. This is consistent with the finding that expression of the Cas13a proteins with the crRNA and target RNAs leads to cellular toxicity, resulting in cell death in bacteria (Abudayyeh et al., 2016) . This altruistic cell suicide, mediated by Cas13a, appears to be essential for evolution of kin and group selection and cell cooperation.
In conclusion, our results provide strong support for the notion that domain rearrangement upon target RNA binding activates the HEPN catalytic site of Cas13a, which then non-specifically cleaves ssRNAs in the surrounding solution. Our findings also suggest that the HEPN2 domain catalyzes pre-crRNA processing to generate mature crRNA. Insights gained here into the molecular mechanisms underlying the dual RNase activities of Cas13a, including its processing of pre-crRNA and target recognition and cleavage, will set the stage for potential biomolecular applications of Cas13a.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Strains
LbuCas13a protein and its mutants were expressed in E. coli Rosetta (DE3) cells cultured at 37 C and 16 C in LB medium (OXOID), supplemented with 34 mg/ml chloramphenicol (Amersco) and 50 mg/ml kanamycin (Amersco).
METHOD DETAILS Protein Expression and Purification
The full-length LbuCas13a gene (encoding residues 1-1159) was synthesized by Sangon Biotech and cloned into a pET-Sumo expression vector (Novagen). The fusion protein contained an N-terminal His 6 -Sumo tag followed by a ubiquitin-like protein 1 (Ulp1) protease cleavage site. The LbuCas13a protein was overexpressed in E. coli Rosetta (DE3) (Novagen) cells that were induced with 0.1 mM isopropyl-1-thio-b-D-galactopyranoside (IPTG) at OD 600 = 0.6 for 12 hr at 16 C. Cells were collected and lysed by sonication in buffer containing 20 mM Tris-HCl, pH 7.5, 500 mM NaCl. After centrifugation, the supernatant was incubated with Ni Sepharose (GE Healthcare), and the bound protein was eluted with buffer containing 100 mM imidazole. Eluted LbuCas13a protein was digested with Ulp1 protease at 4 C to remove the His 6 -Sumo tag, and then further purified on an SP column (GE Healthcare), eluting with buffer containing 20 mM Tris-HCl, pH 7.5, 1 M NaCl. LbuCas13a protein was further purified by size-exclusion chromatography (Superdex 200 Increase 10/300, GE Healthcare) in a buffer containing 20 mM Tris-HCl, pH 7.5, 200 mM NaCl, and then concentrated to a concentration of 20 mg/ml. Selenomethionine (SeMet)-substituted LbuCas13a was expressed in E. coli Rosetta (DE3) (Novagen) cells grown in M9 minimal medium supplemented with SeMet (Sigma-Aldrich) and amino acids Lys, Thr, Phe, Leu, Ile, and Val, and was purified as described above.
In vitro Transcription and Purification of crRNA and target RNA The 59-nt crRNA and 30-nt target RNA were synthesized by in vitro transcription with T7 RNA polymerase and a linearized plasmid DNA as template. Transcription reactions were performed at 37 C for 4 hr in buffer containing 100 mM HEPES-KOH, pH 7.9, 20 mM MgCl 2 , 30 mM DTT, 2 mM each NTP, 2 mM spermidine, 0.1 mg/ml T7 RNA polymerase, and 40 ng/ml linearized plasmid DNA template. The crRNA and target RNA were then purified by gel electrophoresis on a 20% denaturing (8 M urea) polyacrylamide gel and Elutrap System. The crRNA and target RNA were resuspended in DEPC (diethy pyrocarbonate) H 2 O.
LbuCas13a-crRNA-target RNA Complex Reconstitution The LbuCas13a-crRNA complex was reconstituted by incubating purified mutant protein (Arg1048A/His1053A) and crRNA at the molar ratio of 1:1.4 on ice for 30 min. The resulting complex was purified on a Superdex 200 Increase 10/300 gel filtration column (GE Healthcare) in buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl.
The LbuCas13a-crRNA-target RNA complex was reconstituted by incubating purified mutant protein (R1048A/H1053A), crRNA and target RNA at a molar ratio of 1:1.4:1.6 on ice for 30 min. The resulting complex was purified as described above. LbuCas13a-crRNA-target RNA complex samples used for crystallization had a final absorbance of $12 when measured at 280 nm using a Nanodrop spectrophotometer.
Crystallization, Data Collection and Structure Determination
Crystals of SeMet substituted LbuCas13a-crRNA-target RNA complex were grown by the hanging drop vapor diffusion method at 16 C. Crystals were obtained by mixing 1 mL complex solution and 1 mL of reservoir solution. Crystals of SeMet substituted LbuCas13a-crRNA-target RNA complex were grown from 0.1 M HEPES, pH 7.5, 0.1 M L-Proline and 8% PEG 3350. All crystals were cryoprotected using corresponding reservoir buffers supplemented with 20% (v/v) glycerol and flash frozen in liquid nitrogen.
All diffraction datasets were collected at beamline BL-17U1 at Shanghai Synchrotron Radiation Facility (SSRF), and processed with HKL2000 (Otwinowski and Minor, 1997) . The phases of LbuCas13a were solved by the Se single wavelength anomalous dispersion method using PHENIX Autosol (Adams et al., 2002) . The model was manually built and adjusted using the program COOT (Emsley et al., 2010) . Iterative cycles of crystallographic refinement were performed using PHENIX. All data processing and structure refinement statistics for LbuCas13a are summarized in Table S1 . Structure figures were prepared using PyMOL (http://www. pymol.org/).
Cryo-electron Microscopy Data Collection and Processing
Purified LbuCas13a-crRNA complex (3 ml) with a concentration of $0.5 mg/ml was added to a freshly glow-discharged holey carbon grid (GiG-C322). After incubating for 10 s, excess sample was blotted with filter paper (3 s), and the sample was vitrified by flash plunging the grid into liquid ethane using a Leica EMGP device. The entire procedure was carried out at 4 C, 98% relative humidity. The micrographs were imaged using SerialEM data collection software (Mastronarde, 2005) on a 300 kV Titan Krios microscope equipped with a K2 camera (FEI). Using the super resolution mode, each image was exposed for 8 s at a nominal magnification of 29,000, leading to a total dose of $60 e -Å -2 , that was fractionated into 32 movie frames. The final images were binned resulting in a pixel size of 0.82 Å for further data processing.
In each micrograph, after beam induced motion of each movie frame being corrected by the program MOTIONCORR (Li et al., 2013) , a 32 movie frames averaged micrograph was calculated and the parameters of the contrast transfer function on each micrograph were determined by the program ctffind4 (Rohou and Grigorieff, 2015) . A subset of protein particles were semi-automatically boxed using the program e2boxer.py in EMAN2 (Tang et al., 2007) and processed with reference free 2D classification in RELION (Scheres, 2012) . Automatic particle selection of the whole dataset was performed by RELION (Scheres, 2012) , using previously obtained three distinguished 2D class average images as references. A total of 1,218,937 particles were picked in 1,946 micrographs and processed by reference free 2D classification using RELION (Scheres, 2012) . About 596,450 particles were kept for further 3D classification. The atomic model of the LshCas13a-crRNA complex was used to calculate a density map and the density map was low-pass filtered to 60 Å as a reference map for 3D classification without imposing any symmetry. The selected particles were classified into five classes. Two best classes containing about 238,758 particles were selected for further 3D auto-refinement, which resulted in a 3.4 Å resolution reconstruction. Further particle-based motion correction and particle shining improved the resolution from 3.4 Å to 3.2 Å by 0.143 criterion in the Fourier shell correlated coefficient. The local resolution of the final map was calculated using ResMap (Kucukelbir et al., 2014) .
Model Building and Refinement
The initial model was generated by docking the crystal structure of the LbuCas13a-crRNA-target RNA complex into the cryo-EM map using UCSF Chimera (Pettersen et al., 2004) , then manually fit the atomic model to the EM density using refinement tools in COOT (Emsley et al., 2010 ). The structure model was first refined in real space against the cryo-EM map using the phenix.real_space_refine application in PHENIX (Adams et al., 2002 ) with geometry and secondary structure restraints. Refinement in reciprocal space was then performed in REFMAC (Brown et al., 2015) . Automatic real-space and reciprocal-space refinements followed by manual correction in COOT were carried out iteratively until there were no more improvements in both R factor and geometry parameters. The refinement statistics of the structural model are summarized in Table S2 .
Negative Stain Electron Microscopy
For negative stain electron microscopy, 5 mL 0.05 mg/ml LbuCas13a-crRNA-target RNA complex dissolved from crystals was applied to freshly plasma cleaned 230 mesh Cu grids coated with carbon. After incubating for 1 min at room temperature, excess protein was blotted away with a filter paper (Whatman No. 1). The grids were then stained with 5 mL 1% (w/v) uranyl acetate solution for 1 min, and blotted to dryness. Negative-stain EM micrographs were collected on a Talos F200C (FEI) transmission electron microscope operating at 200 keV at a nominal magnification of 57,000 3 on a DE-20 direct electron detector (Direct Electron) camera with a pixel size of 1.56 Å . A total of 142 negative-stain micrographs were collected with an electron dose of 40 e -/Å 2 using a defocus range of 1.5 to 3.0 mm. The parameters of the contrast transfer function (CTF) of negatively stained micrographs were determined by the program CTFFind4 (Rohou and Grigorieff, 2015) . A subset of protein particles were semi-automatically boxed using the program e2boxer.py in EMAN2 (Tang et al., 2007) and processed with 2D classification in RELION (Scheres, 2012) . Automatic particle selection of the whole dataset was performed by RELION (Scheres, 2012) , using previously obtained three distinguished 2D class average images of dimerized particles as references. A total of 46,628 particles were picked and processed by reference free 2D classification using RELION (Scheres, 2012) .
Target Cleavage Assays
Target cleavage assays were carried out using target RNA. 2.5 nM of crRNA was incubated at 25 C for 30 min with 2.5 nM LbuCas13a in cleavage buffer (20 mM HEPES, pH 7.0, 50 mM KCl, 5 mM MgCl 2 , 5% glycerol). The resulting samples were them incubated at 37 C for 3 min with 15 mM target RNA in 10 mL reactions. Reactions were stopped by adding 2 3 loading buffer and were then quenched at 75 C for 5 min. Samples were analyzed on a 20% urea denaturing polyacrylamide gel with TBE buffer. Cleavage products were visualized by toluidine blue staining.
Non-target Cleavage Assays
Non-target cleavage assays were carried out using the 114 nt non-target RNA, the non-target RNA was synthesized by in vitro transcription. 3.3 nM of crRNA was incubated at 25 C for 30 min with 3.3 nM LbuCas13a in cleavage buffer (20 mM HEPES, pH 7.0, 50 mM KCl, 5 mM MgCl 2 , 5% glycerol). The resulting samples were them incubated at 37 C for 3 min with 3.3 nM target RNA and 10 mM non-target RNA in 10 mL reactions. Reactions were stopped by adding 2 3 loading buffer and were then quenched at 75 C for 5 min. Samples were analyzed on a 20% urea denaturing polyacrylamide gel with TBE buffer. Cleavage products were visualized by toluidine blue staining.
Pre-crRNA Processing Assays 15 mM of pre-crRNA were incubated at 37 C for 5 min with 12 mM Cas13a in 12 mL reactions containing 20 mM HEPES, pH 7.0, 50 mM KCl, 5 mM MgCl 2 , 5% glycerol. Reactions were stopped by adding 2 3 loading buffer and 75 C quenched for 5 min. Samples were analyzed on a 20% urea denaturing polyacrylamide gel with TBE buffer.
QUANTIFICATION AND STATISTICAL ANALYSIS
Pre-crRNA processing and target RNA cleavage experiments were repeated three times, and representative results are shown.
DATA AND SOFTWARE AVAILABILITY Resources

Data Resources
The atomic coordinates and structure factors reported in this paper have been deposited in the Protein Data Bank. The accession numbers for the structures reported in this paper are PDB: 5XWP and PDB: 5XWY. The cryo-EM density maps of LbuCas13a-crRNA binary complex have been deposited in the Electron Microscopy Data Bank under accession number EMDB: EMD-6777 (see Tables  S1 and S2 ).
